We present a multimode vibrational analysis of the gas-phase ultraviolet photoelectron spectra of the first ionization in anthracene, tetracene, and pentacene, using electron-vibration constants computed at the density functional theory level. The first ionization of each molecule exhibits a high-frequency vibronic structure; it is shown that this regularly spaced feature is actually the consequence of the collective action of several vibrational modes rather than the result of the interaction with a single mode. We interpret this feature in terms of the missing mode effect. We also discuss the vibronic coupling constants and relaxation energies obtained from the fit of the photoelectron spectra with the linear vibronic model.
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I. INTRODUCTION
In -conjugated systems, the strong coupling between the geometric structure and the electronic structure controls the transport properties.
1-3 At the microscopic level, the hopping charge transport mechanism can often be described as a self-exchange electron transfer ͑ET͒ process from a charged, relaxed molecule to an adjacent neutral molecule. In the context of semiclassical ET theory and extensions thereof, 4 -7 there are two major parameters that determine the selfexchange ET rate and ultimately the charge mobility: ͑i͒ the electronic coupling H ab ͑transfer integral͒ between adjacent molecules/segments; and ͑ii͒ the reorganization energy . For efficient transport, H ab needs to be maximized and minimized.
The reorganization energy is usually expressed as the sum of inner and outer contributions. The inner ͑intramo-lecular͒ reorganization energy arises from the change in equilibrium geometry of the donor and acceptor sites consecutive to the gain or loss of electronic charge upon ET. The outer reorganization energy is due to the polarization/ relaxation of the surrounding medium. Due to the weakness of the van der Waals interactions among organic molecules, the separation of the reorganization energy into inter-and intramolecular contributions remains largely valid even in the case of molecular crystals. 8, 9 The reorganization energy is a measure of the strength of the interaction between the electronic structure and the vibrational states of the molecule and of the material 10-12 ͑a detailed knowledge of the electron-phonon coupling is thus needed for the complete understanding of the charge transport properties͒. The characterization of the contributions of each vibrational mode to is important to rationalize the temperature dependence of the electron-transfer rates. 12 Here, we focus on the intramolecular reorganization energy and its vibrational mode description. We have recently exploited gas-phase ultraviolet photoelectron spectroscopy ͑UPS͒ data to estimate the intramolecular reorganization energy of anthracene, tetracene, and pentacene ͑see the chemical structures in Fig. 1͒ . 13, 14 The vibrational structure of the first ionization peaks was deconvoluted and analyzed in the framework of a two-mode harmonic model to obtain an estimate of . Although the estimated values were in good general agreement with the results of the theoretical calculations, there remained a notable disagreement on the role of low-frequency modes. Here, we present a multimode vibrational analysis of the UPS data using the vibrational frequencies and electron-vibration constants computed at the density functional theory ͑DFT͒ level. We show that the regular vibrational structure of the first ionization is a consequence of the collective action of several vibrational modes rather than of the interaction with a particular mode. We emphasize that the oligoacenes are of practical interest due to their large intrinsic mobilities 8, 9, 15 and have been used in the field of organic semiconductors as test systems for charge-transport theories. 16, 17 II. METHODOLOGY Figure 2 represents the potential energy surfaces for electronic states 1 and 2 corresponding in the context of this work to the neutral state and the cation state of the molecule. The intramolecular reorganization energy for self-exchange consists of two terms related to the geometry relaxation energies upon going from the neutral-state geometry to the charged-state geometry and vice versa, [7] [8] [9] 18, 19 
A. Reorganization energy
Here, E (0) (M) and E (0) (M ϩ• ) are the ground-state energies of the neutral and cation states, respectively; E (1) (M) is the energy of the neutral molecule at the optimal cation geometry and E (1) (M ϩ• ) is the energy of the cation state at the optimal geometry of the neutral molecule.
The contribution of each vibrational mode to rel can be obtained by expanding the potential energies of the neutral and cation states in a power series of the normal coordinates ͑denoted here as Q 1 and Q 2 ). In the harmonic approximation, the relaxation energy rel writes 7, 19 
Here, the summations run over the vibrational modes; ⌬Q i represents the displacement along normal mode i between the equilibrium positions of the two electronic states of interest; k i and i are the corresponding force constants and vibrational frequencies. For the sake of further discussion, we have included in Eq. ͑4͒ the representation of the reorga- nization energy in terms of the Huang-Rhys factors S i . We note that the Huang-Rhys factors are directly related to the ⌬ i terms, which are largely used in the literature and are the dimensionless counterparts of the projections
The numerical procedure consists of the following steps: First, the normal-mode coordinates and the force constants are determined. The standard rectangular normal modes Q 1(2) are obtained as a linear combination of Cartesian displacements,
Here, the matrix L 1(2) connects the 3n-6 ͓n is the number of atoms in the ͑nonlinear͒ molecule͔ normal coordinates with the set of 3n mass-weighted Cartesian coordinates q 1(2) ; the vectors q 1 (0) and q 2 (0) correspond to the stationary points on the adiabatic potential surfaces of states 1 and 2, respectively. Then, the normal mode displacements ⌬Q 1(2) are obtained by projecting the displacements ⌬qϭq 1 (0) Ϫq 2 (0) onto the normal-mode vectors. Finally, substituting the calculated quantities into Eqs. ͑5͒ and ͑4͒, the Huang-Rhys factors and the total relaxation energy are obtained.
It is important to note that the normal modes of the neutral and cation states, Q 1 and Q 2 , are in general different and are related by a transformation consisting of a multidimensional rotation and a translation, 21 Q 1 ϭJQ 2 ϩ⌬Q. ͑7͒
J is the Duschinsky matrix describing the mixing of the normal coordinates of the two states. We performed geometry optimizations for the neutral and radical-cation states of anthracene, tetracene, and pentacene, followed by calculation of harmonic vibrational frequencies and normal modes. The calculations were achieved at the DFT level using the B3LYP functional, involving the exchange functional by Becke, 22, 23 and the correlation functional by Lee, Yang, and Parr. 24 The basis set used is the split-valence plus polarization 6-31G**; [25] [26] [27] [28] [29] all the calculations were performed with the GAUSSIAN 98 program.
30

B. Franck-Condon analysis of the UPS spectra
In the framework of the Born-Oppenheimer ͑adiabatic͒ and Franck-Condon ͑FC͒ approximations, the shape of an ionization band is governed by the overlap ͑Franck-Condon͒
functions ͓⌽ m (Q 1 ) and ⌽ n (Q 2 )] of the neutral and cation ground electronic states. Several methods have been proposed to calculate multidimensional Franck-Condon ͑FC͒ integrals. [31] [32] [33] [34] [35] The calculations are considerably simplified when Duschinsky mixing is neglected, i.e., Jϭ1 in Eq. ͑7͒. In this case, referred to as the parallel mode approximation, 31 the relative intensity of a multidimensional vibrational transition, involving p vibrational modes, is obtained as a simple product of one-dimensional FC integrals, 36 I͑m 1 ,n 1 ,m 2 ,n 2 ,..
where m i and n i are the initial and final vibrational quantum numbers of the mode i , k B is the Boltzmann constant, T is 
III. RESULTS AND DISCUSSION
The gas-phase photoelectron spectra of anthracene, tetracene, and pentacene obtained in our previous work 13, 14 are shown in Figs. 3 and 4 . For each molecule, several ionizations, including the first ionization, contain partially resolved vibrational fine structure. The experimental spectra have been deconvoluted using a series of Gaussian to allow a quantitative analysis of the vibrational structures. The first ionization of each molecule clearly exhibits a high frequency progression of about 1400 cm Ϫ1 . The intensity of this progression resembles a Poisson distribution. There is, however, additional contribution from one or more vibrations. The results of spectral fits with one additional low-frequency mode are given in Table I . For all three molecules, the largest contribution to rel is from the higher energy vibrational frequency. The contribution of the low-frequency mode is equal for anthracene and tetracene and accounts for about 11%-13% of the total intensity; in pentacene, this contribution rises up to 30%. Note, however, that the progression associated with the low-frequency mode is not described by the harmonic model as well as the high frequency progression. 13, 14 A. Fitting of the experimental photoelectron spectra In order to check for possible shortcomings of the deconvolution procedure used in the former analysis, we have fitted the experimental spectrum using vibrational progressions that strictly satisfy the linear vibronic model ͓Eqs. ͑8͒ and ͑9͔͒. In the fitting procedure, the values of vibrational frequencies and Huang-Rhys factors associated with a vibrational mode are optimized in order to minimize the sum of the squares of the deviations between experimental and com- puted spectra ͑using a conventional Levenberg-Marquardt algorithm͒. Lorentzian functions are used to convolute the transition intensities. We have performed several fits where we increased the number of vibrational modes involved and found that at least three modes were necessary to accurately reproduce the spectral shapes; adding more than three modes did not significantly improve the fit. The results of the fits are reported in Table II . To illustrate the quality of the procedure, the fitted spectrum obtained in the case of anthracene is reported in Fig. 3 . We obtained similar results for tetracene and pentacene.
The results of a multimode analysis are in general agreement with the previous findings, 13 indicating that the main contribution to rel comes from high-energy vibrations. These contributions account for 97%, 97%, and 92% of the relaxation energy for anthracene, tetracene, and pentacene, respectively; such contributions are about 10%-20% larger than previously estimated. The fits also indicate a small contribution from low energy modes, around 100-350 cm Ϫ1 , accounting for about 3%-8% of the total relaxation energy. Thus, the low-energy vibrational contributions to rel obtained in the present work is about one-fourth the value that was estimated from the deconvolution procedure. The present results indicate that while the total relaxation energy derived in our previous study 13, 14 was accurate, the contribution of low-frequency modes was overestimated.
B. Simulation of the UPS spectra using quantum-mechanical results
The results of the DFT/B3LYP calculations of relaxation energy for anthracene, tetracene, and pentacene are reported in Tables III-V , where rel is partitioned into contributions from the vibrational modes. The total relaxation energies obtained from the normal mode analysis are in excellent agreement with the values computed directly from the adiabatic potential energy surfaces. The derived values are also in good agreement with previous calculations.
11 ,37 The theoretical calculations confirm that the main contribution to the relaxation energy comes from high-energy vibrations. This high-energy contribution is in fact divided over several vibrational modes with wave numbers in the range 1200-1600 cm
Ϫ1
. The contribution to rel from low-energy vibrations is negligible in anthracene and tetracene, and very small in the case of pentacene; this fully supports the concussion drawn from the results described in the previous section.
As a further check of the reliability of the DFT/B3LYP estimates, we have carried out the Franck-Condon simulation of the shape of the first ionization peak using the frequencies and Huang-Rhys factors from Tables III-V. The calculations were performed for the temperatures of 372, 452, and 507 K at which the UPS data were collected for anthracene, tetracene and pentacene, respectively. The position of the 0-0 transitions has been chosen to match the maximum of the experimental first ionization peak, corresponding to 7.421, 6.939, and 6.589 eV for anthracene, tetracene, and pentacene, respectively. A scaling factor f ϭ0.9613 has been applied to the computed vibrational frequencies, following the recommendations given for the comparison of B3LYP and experimental IR frequencies. 38 The results of the simulation are shown in Fig. 4 . In general, the positions and shapes of the peaks are very well reproduced. For anthracene and tetracene, the intensity of the second peak is slightly underestimated. Nevertheless, taking into account that the parameters have not been adjusted, the overall agreement between simulated and experimental spectra is excellent. These results underline the importance of multimode effects to obtain a detailed understanding of the UPS band shapes in oligoacenes. The present simulations indeed indicate that the contribution ascribed in our previous study 13, 14 to a low-frequency mode is more likely a result of multimode effects. In addition, the regular high-frequency vibrational progression is also the result of the action of several modes: As seen from the stick spectrum of anthracene in Fig.  4 , five modes with energies of 1611, 1545, 1426, 1291, and 1207 cm Ϫ1 are involved in this case. However, the individual vibrational lines due to the damping are not fully resolved ͓we also note that the spacing between the vibrational peaks is comparable to or smaller than the instrument resolution of 18 -28 meV ͑Ref. 13͔͒; overall, the spectrum exhibits a single vibrational progression with an average spacing of 1398 cm Ϫ1 . Similar observations, where two or more modes conspire to give the appearance of a single vibrational progression in incompletely resolved spectra, have been documented for a long time in luminescence spectra [39] [40] [41] and very recently in the intervalence absorption spectra of delocalized organic mixed-valence systems. 42 Since the mode that appears in the spectrum is ͑usually͒ not an actual mode of the system, this effect has been referred to as the missing mode effect ͑MIME͒.
IV. CONCLUSIONS
We have presented a theoretical study of the intermolecular reorganization energy for anthracene, tetracene and pentacene. The partitioning of the relaxation energy into normal mode contributions shows that the major contributions to rel are due to several vibrational modes in the region 1200-1600 cm Ϫ1 . Our results reveal that the regular highfrequency vibrational progression observed in all three systems is a consequence of the collective action of several modes and resembles the missing mode effect.
The results of the vibrational analysis have been used to simulate the vibrational structure of the first ionization peak of the UPS spectra. The experimental and theoretical spectra are in good general agreement. Some remaining discrepancy could be due to nonadiabatic interactions, Duschinsky mixing, and anharmonic effects. Preliminary calculations of Duschinsky matrices ͑performed with the DUSHIN program developed by Reimers 19 ͒, point to the presence of some mixing among the vibrations in the 1200-1600 cm Ϫ1 region ͑Tables VI-VIII͒. These results suggest that a simulation based on multidimensional Franck-Condon factors, computed taking into account the Duschinsky mixing, might further improve the agreement between theoretical and experimental spectra. Such investigations are currently in progress and will be reported elsewhere . 
